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ABSTRACT

Dynamic positioning is a method of anchoring a vessel
in deep areas of the ocean. The essential components of a
dynamic positioning system are a vessel with positioning
forces; a position measuring system; a comparator; and a
controller. These components position a vessel by inter-
acting with each other and with the environment.

Mathematical models define each component of the
posltioning system. The hybrid computer simulates the posi=
tioning system, and the aerodynamic and hydrodynamic forces
present on the ocean's surface.

This report investigates the excitation/response
characteristics of the model for a variety of environmental
conditions. Optimum headings with respect to positioning
thrust result for each environmental case. A vessel search

algorithm is developed to locate an optimum heading.




"CHAPTER I
INTRODUCTION

The hybrid computer simulates physical conditions for
the efficient real-time analysis of physical systems, This
simulation permits the study of the effects of parameter
chanzes on the éxcitation-response characteristics of a
system. To study a physical system in this manner, it is
necessary to formulate a detalled model and then to tallor
the model to that system. The model is a series of mathe-
matical and logical equations. One important ohjective of
such a study is the optimization of the system with respect
to one or more criteria or performance functlons.

The ocean is man's next frontier. Water covers more
than seventy per cent of the earth. There are three main
ﬁopographical divisions of the surface beneath the water:
continental shelf, continental slope, and abyssal plain.

The continental shelf is a shallow bank or gsently slopine region
which usually extends to a denth of no more than six hundred
feet. The continental slope 1s a very steep area much like

the side of a cliff and extends from the-edge of the conti-
nental shelf to the ocean floor, or abyssal nlain. Exploration
and exploitation of this wvast area of the earth's surface
present major problems to the encgineer and the scientist.

The subject of this thesis is a hvhrid studv of a method to




solve some of these problems.

©

d mooring tech-

(

Scientists and engineers have develop:
niques to stabilize vessels in the ten per cent of the ocean
area that is the continental shelf. Static, or normal, mooring
techniques are impractical, however, for all the ocean areas
beyond the continental shelf. Most of the oceans are one
thousand to twenty thousand feet deep. The difficulties of
mooring a vessei at this depth hamper work in the deep oceans.

Currently, vessels of the conventional ship-hull class
are employed as stable working platforms for such deep water
work as drilling into the sea floor, sathering oceanographic
data, tracking satellites, and launching missiles. These
operatlions require that the vessel be mobile for travel.

Once the vessel reaches its location, it must also be capable

of quick and easy anchorage for extended periods of time.

Dynamic positioning is a method for anchoring which is comparable
to the hovering action of a helicopter. This method uses the
self-contained energy of the vessel to produce forces which
counteract the adverse physical changes at the ocean surface.
This process is the only known practical method of maintaining

a given geographical position in water depths bheyond the
continental shelf.

The four essential subsystems reaquired for dynamic

positioning are:

1. a vessel with vositioning forces:



2. a position measuring system to define the actual
vessel coordinates with respect to reference
coordinates;

3. a comparator to indicate the vessel's deviation
from the desired position; and

4, a controller to regulate the vessel's propulsion

system in order to offset the deviatilon.

Figure 1.1 is a block diagram of the dynamic positioning
system; Figure>l.2 is an 1llustration of that system.

Dynamic positioning is a closed-loop feedback control
system. The comparator compares the input reference coor-
dinates with the actual position of the ship. If there is
deviation, the comparator generates an error signai. The
controller processes the error signal and adjusts the thrust
level of the vessel's propulsion system. This correction
reduces the deviation so that when the deviation is zero,
the measured position coincides with the reference position.
- If at any time the vessel moves as a result of physical changes
such as winds, waves, or currents, the dynamic positionine
process begins again.

This type of dynamic positioning is presently in
operation, but no one has attempted to optimize the system
using any criteria. This thesis explores optimization with
respect to required thrust. By this criterion, the ship

holds position with a minimum amount of thrust.
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A hybrid study can previde general information on
the overall station-keeping abilities of ship-hull vessels.

The three specific questions of this study are:

1. Does an optimum vessel heading exist for specific
environmental conditions?

2. If there is an optimum heading, is it a well-defined
optimum that will provide a practical payout with
respect to the necessary effort required to obtailn
it?

3. Can a practical vessel-search routine be formulated

to find this optimum heading?



MATHEMATICAL MODEL

A mathematical model is a collection of equations
which defines and delimits a physical system. This model
is the link between the computer and the researcher in a
hybrid study.

Figure 2.1 illustrates the coordinate system used
for the simulation. X and Y form the inertial coordinate
frame; x and y are thé vessel coordinates; I is the heading
angle. The model restricts the motion of the vessel to the
X, Y plane with Iy the single angular degree of freedom.

Newton's laws of motion govern the mathematical model
of the vessel. The equations of acceleration in the vessel-

coordinates are:

d _

J_t—(vx) -;>: *‘co\/y (2.1)
d F.

W)= ;y; ~ wV, (2.2)
d My

el 1, (2.3)

The integration of equations (2.1), (2.2), and (2.3)
yields the %, y, and @ velocities of the vessel. The velocity

equations in the vessel coordinates are:
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Ci_—Jc:-(r“%) = Vi rew vy (2.4)
d
(WY wn (2.5)
d
JE_(W): e (2.6)

The integration‘of equations (2.4), (2.5), and (2.6) yields
the vessel position and heading.

Error functions representing the comparator output
result from adding the conjugate value of the vessel position
and heading to the‘reference position and heading. The error

functions in the vessel coordinates are:

')Lé ZX'WX (207)
Ye= Y vy (2.8)
w =Y-y (2.9)

The thrust demand is a function of the following

variables:

1. the position and heading errors;
2. the velocity of the vessel; and

3. the steady=state environmental forces acting on
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the vessel,

The control system, which is a function of these three variables;
the physical system delays; and the noise fllters regulate
the vessel's propulsion system,

Laplace transforms are useful in understanding the
mathematical model of the control system. Figure 2.2 illustrates
a model of the control system. The model includes a second
order filter for noise reduction; the control pains; and a
first order time delay. FEquations (2.1), (2.2), and (2.3)
contain three functions, ¥, Fy, and M, . These functions
are a summation of the thruster, the hydrodynamic, and the

aerodynamic forces and moments.

Fo=Far v P v Fea (2.10)
FY:FYT—F FYH+'FYA (2-11)
My = My + Mg+ Mya (2.12)

The output of the controller subsystem indicated in
Figure 2.2 1s a thruster force or moment.

The hydrodynamic and aerodynamic force components of
equations (2.10) through (2.12) are drag forces. FRquations
(2.13) through (2.18) are empirical representations of the

drag forces resulting from the flow of a fluid about an
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Equations (2.13), (2.14), and (2.15) formulate the
hydrodynamic components of equations (2.10), (2.11), and
(2.12).

Koo Vg Ve (2.13)

Fyw = KYH Vr el (2.1%)

MYH = KQJH VR'IVR‘ (2.15)

An analysis of hydrodynamic drag force data taken in
wave tank model studies for ship-hull vessels yilelds the
K

values of K YH? and KYH' The relative velocity VR“in

XH?
the ship's coordinates is the velocity of the ship with respect
to the water. VR is a function of the ship's velocity; the
steady=-state current velocity:; and the instantaneous horizontal
. particle velocity of the ocean waves.

Simplifying equations of the small amplitude wave
theory yields the instantaneous horizontal particle velocity.
These wave equations are an approximation of the complete

theoretical description of wave behavior. The errors resulting

from practical assumptions and simplifications of the theory

lRB G. Dean and D. R. ¥, Harleman, "Interaction of
Structures and Waves,”" A. T. Ippen (ed.), Estuary and Coastline
Hydrodynamics (New York: McGraw-H11l, 1966), 381-103.
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are negligible in this hybrid cémputeP study. Appendix A
contains a complete derivation of the hydrodynamic wave
equations used for this model. Appendix B contalns graphs
of typical hydrodynamic and aerodynamic drag force functions
for ship-hull vessels,

Equations (2.16), (2.17), and (2.18) formulate the

aerodynamic components of equations (2.10), (2.11), and (2.12).

Fua = Kxa \/Al\/A‘ (2.16)
Muya = Kga Yy IVal (2.18)

An analysis of aerodynamic dras force data taken in wind
tunnel tests on ship-~hull vessels produces the values of
K

K and K, .. V 'is a function of the steady-state

XA® TYA? YA A
wind velocity and the instantaneous wind gust velocity.
The equations presented in this chapter are the mathe-

matical model of a typical dynamic ship positioning svstem.







© CHAPTER IIT
COMPUTER MODE ASSIGNMENTS

The hybrid system used for this study 1is an IBM
System/360 Model U4 general purpose digital computer with
32,000 words of core memory; an HSI SS=100 Analog/Hybrild
computer with'one hundred analog amplifiers; and an HSI Model
1044 Hybrid Linkage unit with multichannel communication
paths. For this study one or both computers simulate the
functions of each’component of the dynamic positioning system.
Figure 3.1 illustfates the computer mode assignments.

This study assigns the vessel simulation to the analog
computer. The basic ship dynamics--acceleration, vélocity,
and position--are the central elements of the analog model.

The process of integration 1s a primary task of analog com-
‘puters. The integration of the vessel's acceleration gives.
the velocity; the integration of the velocity gives the position.

An analog summer-amplifier simulates the vessel's
comparator subsystem. Either manual or servo-set potentiometers
simulate the reference coordinates.

The controller subsystem filters noise from the com-
parator's error signal; modifies the signal by applying control
galns;: and sets the thrust demand level. Analog computing
elements simulate the control system and filt@ring technlques

of this model because the integral operator in the analog

15
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computer can linearly replace the Laplace operator, "1/s".

Simulation of the controller on the analog computer
is efficient for research purposes, but in actual practice,
the controller subsystem of a dynamically positioned vessel
would probably be a digital computer. For this reason, both
computers simulate the control system. Digitally controlled
signal switching places either control system into the feed-
back loops.

Generally, there 1s a time lag assoclated with the
regponse of electromechanical systems. In this system, the
time lag occurs between the demand for thrust and the response
of the thrusters. The time lag 1is simulated by the analog
computer by a first order lag function,

On the other hand, the digital computer primarily
simulétes the complex environmental forces at the ocean's
surface. However, an option in the digital program allows
kan analog computer simulation of the steady state environ-
mental forces and the hydrodynamic damping.

This discussion describes the design of the model.
Chapter IV and Chapter V describe the fabrication of the

hybrid model.







‘CHAPTER IV
ANALOG MODEL

The analog model of the vessel and control system
results from constructing three separate closed loops:
X-position loop, Y-position loop, and [y -heading loop. These
loops simulate vessel dynamics in the three degrees of freedom
which this study allows. The analog representation of equations
(2.1) through (2.6) forms the model of the vessel,

Dynamic range is one of the limitations of an analog
computer. The analog computer for this study has a maximum
dynamic range of plus and minus one hundred volts. 3ince the
variables and constants of most models are not within this
range, magnitude scaling 1s necessary. The steps in mégnitude

scaling are:

1. obtain the unscaled equations for each amplifier;

2. substitute an equivalent scaled program variable
for each problem variable. TFor example, if the
problem contains a variable, x, whose maximum value
can be as high as 500, this variable is replaced in
the equation with the computer variable, 500{x/500],
wilithout unbalancine the eguation;

3. solve the equations for the scaled outputs in terms

of the scaled inputs;

19




20
4, adjust the amplifier gains so that all potentiometer

settings are less than unity.

In order to perform magnitude scaling of equations
(2.1) through (2.6), it is necessary to define the maximum
value of each variable and constant. Table I lists the
parameters and their maximum values used in this study.

Substitution of the maximum parameter values from
Table I into equations (2.1) through (2.6) yields the scaled
model of the vessel. The scaled variables are bracketed and

the potentiometer settings are shown in parentheses.

4
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33.\4[3%} = 0. [55]

: (4.6)

L L) - o]

Three summer amplifiers, one in each loop, represent
the vessel's position and heading comparator subsystem. The
sum of the vessel position (heading) and the conjugate of the
reference coordinate is the vessel position (heading) error
signal.

The control system operates on the error signal from
the comparator which in turn receives its information from
the position measﬁring system located remotely from the vessel.
Because of the high ambient noise level, filtering at the
input to the control system is necessary. This filtering is
simulated by modeling a second order polynomial for the X-
position loop and the heading loop, and a fourth order poly-
nomial for the Y-position loop. Figures 4.1, 4.2, and 4,3
are block diagrams of these position and heading control loops.

The outputs of these control loops are the thrust
demand signals. Since there is a time lag associated with the
response of the vessel to the thrust demands, simulation of
a time delay is necessary. The models of these delays are
first order analog lags and the outputs of the lags are the
vessel thruster forces. The sum of the environmental forces
and the thruster forces is the input to the vessel's dynamic

model which closes the loop.
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Equations (2.13) through (2.15) represent the hydro-
dynamic damping force caused by the motion of the vessel
with respect to the water. The velocity functions of these
equations are simulated by using analog comparators and multi-
pliers. The analog comparator senses the sign of the relative
vessel veloclity and the output of this comparator controls
a function switch. If the sign of the relative velocity 1is
negative, the function switch changes state and the multiplier
receives both the positive signal and the negative signal.
The product of the multiplier is the square of the velocity.
However, the product'retains the algebraic sign of the relative
vessel velocity.

The multipliers used in the analog section have a
small D. C. offset voltage at their outputs. To compensate
for this offset, the multiplier outputs are summed with the
conjugate of the offset value.

Figures 4.4, 4,5, and 4.6 illustrate the complete
analog computer model for this study. Figure 4.7 is the key
for the analog symbols shown. Table II lists the potentiometer

settings.
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" CHAPTER V
DIGITAL MODEL

The digital model is a FORTRAN computer program which

performs three functions:

1. it controls the transfer of information or data
between the digital computer and the analog computer;

2. it simulates the controller subsystem; and

3. 1t generates the hydrodynamic and aerodynamic .forces

in the case studies.

To simplify the FORTRAN programming, available system
subroutines are incorporated in the digital program. A sub-
routine 1is a digital computer subprogram which, when called
upon by the main program, performs a predefined task. Subroutlnes
from both the Data Acquisition Multiprogramming System (DAMPS)
and the Hybrid Executive control the transfer of information
between the analog and the digital computer. DAMPS and the
Hybrid Executive are collections of subroutines designed for
use on the IBM System/360 Model U44-~HST SS-100 Analog/Hybrid
computer. Table ITI lists the subroutines for this study.

The main program begins by calling on various subroutines
to establish memory control blocks for each hybrid input/output
channel in the simulation. The hybrid I/0 channels 1in this

study are:

31




1. analog to digital input;
2. digital to analog output;
3. sense line input;

I, control line input; and

5. mode control output.

Before each hybrid computer run, the digiltal line
printer lists operating instructions and program options.

These instructions and options are:

INFORMATION CONCERNING REAL TIME OPERATION OF MAIN PROGRAM

THE FOLLOWING INFORMATION IS REQUESTED BY THE TYPEWRITER TERMINAL
N IS THE NUMBER OF PRINTED OUTPUT SAMPLES
A SAMPLE IS TAKEN EVERY FIFTH TIME THROUGH THE TIMED
CONTROL LOOP
IF N=0 EXIT IS CALLED AND THE PROGRAM CONCLUDED
ISCALE IS THE TIME SCALE FACTOR
LOGIC IS AN INPUT THAT ENABLES PROGRAM OPTIONS
LOGIC=0 EXISTING GAINS ARE USED AND OPERATION BEGINS
LOGIC=1 NEW GAINS MAY BE INPUT FOR X-CHANNEL
LOGIC=2 NEW GAINS MAY BE INPUT FOR Y-CHANNEL
LOGIC=3 NEW GAINS MAY BE INPUT FOR PSI-CHANNEL
LOGIC=4 NEW GAINS INPUT FOR X, Y, & PSI=CHANNFELS
LOGTIC=5 INPUT CURRENT--POLAR COORDINATES

LOGIC=6 INPUT SEA STATE (0, 4, 6, OR 8) AND DIRECTION
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LOGIC=7 INPUT WIND-=POLAR COORDINATES

LOGIC=8 INPUT GUST MAGNITUDE, PERIOD, & VARIATION ANGLE

LOGIC=9 ANALOG CONTROL SYSTEM IS USED=-~NO GAINS INPUT
THE FOLLOWING RUN OPTIONS ARE AVAILABLE

ENABLE SENSE LINE "1" TO MAKE A PARAMETER CHANGE DURING

A RUN

ENABLE SENSE LINE "O" TO MAKE A CONTINUOUS RUN

FERRRR AN ARSI R BN R R LR LR AR R RN AR B RSN RN AR AR B RRARRERERERRRRARRRFXRRLRARREES

After the line printer lists the instructions and
options, the digital cdmputer typewriter terminal requésts the
tun time (N) and the time scaleb(ISCALE). The values of N and
ISCALE enter the program through the typewriter terminal,

The programmer types the value for LOGIC intobthe
computer; the computer then requests the corresponding program
option. A case study begins only when LOGIC=0 or LOGIC=9.

Fér LOGIC=0, the digital computer enables control line "O".
Control line "O" in the enable position causes function switches
in the analog computer to place the digital control system in
the feedback loops. For LOGIC=9, the digital computer disables
control line "0", placing the function switches in position

for the analog control system.

When a case study begins, the parameters of the digital
control system receive their initial values. The digital
computer places the analog computer in the operate mode; starts

the digitai timer; and then reads the analog to digital input
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lines. Velocity, positions heéding, and error information
are assignedvto these input lines.

The program now directs the error information to the
digital model of the control system. This model 1s a Z-transform
representation of the analog control system. From this infor-
mation the program calculates the level of thrust required to
reduce the posiltion and heading errors.

The y-coordinate thrusters supply both the thrust to
maintaln proper heading and the thrust to maintain proper
y=position. The heading thrust requirements have priority
on one half of the value of the y-coordinate, or traﬁslational
thrust. The y-poéition thrust is at least one half of the
translational thrust, plus the difference between one half
of the translational thrust and the demanded heading thrust.

The next phase of the program is the simulationvof
the environmental forces. Sea States are a convenlent method
of classifying particular combinations of steady wind and
wave condlitions. The selection of an appropriate Sea State
number, gust condition, and ocean current determines the
complexity of the environmental model for a particular case
study.

The program generates complex ocean waves by adding
four sinusoidal wave componentéa Table V lists the wave
components for the simulation of Sea States U, 6, and 8 used
in these case studies. The instantaneous wind velocity cor-

respondihg to the selected Sea State is, however, more com-
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plicated. It is the sum of thersteady state wind velocilty

and the gust velocity. The latter is simulated in the program
by modulating both the magnitude and the direction of the wind
as a functlion of the sine of the gust frequency.

In order to determine the x and y relative velocities
of the vessel, the program transforms the water velocity and
the wind velocity obtained above from the inertial coordinates
to the vessel éoordinates. The program then calculates the
hydrodynamic and aerodynamlic drag forces using Fourier series
components of the drag force curves shown in Appendix B.
Tables VI and VII list their major Fouriler series combonents.

To normaliée the thrusﬁ forces and the environmental
forces to levels compatible with the analog model, magnitude
scaling 1s performed. These normalized forces are 6hen trans-
ferred from the digital computer to the analog computef.

The final phase of the program is the interrogation
of the sense lines for an interruptrmessage from the analog
computer. If there is no interrupt message, the program checks
the status of run time. If the run time is not yet exceeded,
the program begins again by reading analog to digital values
of velocity, position, heading, and error.

Figure 5.1 1s a block diagram flow chart of the digital

computer program. Appendix C is a listing of the program.
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CHAPTER VI
CASE STUDIES

This thesis investigates one control gain optimization
study and three case studies for the response of a dynamic
positioning system. There are an infinite combination of
environmental variations on the ocean surface. Three repre-
sentative variations--Sea States 4, 6, and 8--simulate probable
operating conditions for the vessel.

Before a case study begins, i1t is necessary to select
the computer time scale. Time can be compressed or expanded,
much like an accordian, by altering the time scale. Generally
one wants to compute either as quickly as possible, or, in
certain applications, in real time. For either case, the
upper limit i1s dictated by the computatilon cycle time required
by the digital computer program (receive information from the
analog computer, process this information, and transfer results
back to the analog computer). In this case, computation cycle
time 1s slightly less than twenty milliseconds and therefore
time 1is compressed by a factor of one hundred so that twenty
milliseconds computer time simulates two seconds actual time.

The first investigation is the vessel response to step
changes in position and heading. A trial and error technique
is used to optimize the control gains. Initial conditions for

the vessel are offsets of 125 feet in the X and Y reference
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coordinates and 45 degrees in the heading coordinate. These
offsets produce a 25 per cent error at the output of the
position and heading error comparators. The step response
characteristics of each loop are recorded for a chosen set of
control gains. The gains are then varied, and the step res-
ponse recorded again. This process 1is repeated until any
further change in gain settings produces less desirable system
response than the previous "best guess" setting. Figures 6.1,
6.2, and 6.3 are typical recordings of the vessel response to
step changes. These recordings are representative of both the
analog and the digital control system models,

Case studies of Sea States 4, 6, and 8 demonstrate
the effects of heading changes on the total magnitude of the
thrust required to maintain a selected position. Table IV
lists the wind and wave conditions associated wlth these
Sea States. Figures 6.4, 6.5, and 6.6 are illustrations of
the wind velocities and the wave profiles of these Sea States.
The wave profile for Sea State 8 is a record of hurricane
wave data in the Gulf of Mexico. Figures 6.7, 6.9, and 6,11
are illustrations of the environmental force orientation for these
three case studies. TFigures 6.8, 6.10, and 6.12 are recordings
of the vessel heading and the total thruster force required
to maintain heading and position.

An oscilliscope monitors the X-position and the Y-
position of the vessel during a case study. The X-position

provides vertical deflection and the Y-position provides
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A WIND VELOCITY: 27 KNOTS
GUST VELOCITY: +5 KNOTS
GUST PERIOD: 180 SECONDS

B WAVES: SEA STATE 6

C CURRENT: 1 KNOT

CASE STUDY II

FIGURE 6,9

HEADING

-30 DEGREES
+5 DEGREES

-30 DEGREES

+60 DEGREES




HEADING (DEGREES)

FORCE (LBS)

1A

=
g

P

|

pum—
]

HEADING
Wak
Oy o
‘__',f"
il
2IVISION
TOTAL THRUST
phBd
B Mllv!\
A M! l
NI L Y
Al %h fe b ' \wm‘n
Wk VAR IR w L ARV
VEVTTVVY VON W) T
—»{ =S00 SECONDS

CASE STUDY TII

FIGURE 6.10



FORCE DESCRIPTION

A WIND VELOCITY: 43 KNOTS
GUST PERIOD: 120 SECONDS
GUST VELOCITY: +10 KNOTS

B WAVES: SEA STATE 8

C CURRENT 2 KNOTS

CASE STUDY III

FIGURE 6,11

HEADING

0 DEGREES

310 DEGREES

0 DEGREES

=90 DEGREES




W

L

g

el

G

HEADI

TO'TALI THRUST

O

180
‘“18@0

(S33d23a) BNIaVYIH

B v nu S
<
O

<
3

(5971) 30d0 A

= 500 sEconDs

STUDY ITI

CASE

FIGURE 6.12a



MEADING (DEGREES)

£ (LRS)

C

FDR

p— - 1 . i L 1 ] ] L L J i ] 1 ) 1 H i { L ! ) H )] ] ] ] 1 i } J ] ] L 1 H i b
180° HEADING
GO
A a Aot i i
188 ISR
FUSH INSTRUMENTS DIVISION
e e ——— et ————+—+—
%K/OS— PRINTED IN U.S.A TOTAL THRUST
PR RTINS [ ] ~
A E ] .
5y\f,0“7' . 11108 ¢
i i i | : ’ i
m f%\%ﬂﬁf il _ | TEEENAN il e
i IR il i R NN L N
| " Ml il ORI T
o | ] J [ jr l AR
— b SR e

*ﬂ F‘SOO SECONDS

CASE STUDY TIX

FIGURE 6.12b

LS




horizontal deflection. This monitoring verifies the success
of the dynamic positioning system in maintaining position.

For cases 1 and II, the dynamic positioning system
holds the vessel position to within fifty feet of reference
zero for all headings.

For case III, X-position errors reach peak values of
one hundred feet and Y-position errors reach values as high
as 250 feet. Heading errors of fifteen degrees occur in the
regions of maximum thrust. The vessel cannot maintain a
heading of zero degrees because there is insufficient thrust
available to overcome the moment generated at this heading.
Headings between =135 degrees and -~180 degrees are not shown
on the recordings for case III because of insufficient thrust

available to maintain position at these angles of attack.



CHAPTER VII

CONCLUSTONS

The hybrid computer model developed for this study
is an efficient research tool. The model permits detailed
investigation of the excitation/response characteristics of
a dynamic ship positioning system,

The results of each case study demonstrate the one-
parameter optimization technique., A close investigation of
the results shows two well-defined optimum headings. These
optimum headings occur in approximately eighteen degree bands
and are always 180 degrees apart. These studies indicate that
for most environmental conditions, the vessel heading will
never be more than ninety degrees away from an optimum.

A practical vessel-=-gsearch algorithm can be formulated
to locate thilis optimum. A possible algorithm 1s to compare
the average thrust level for the present heading with the
average thrust level for the immediate past heading. If the
thrust level increases, the direction of heading change 1s
reversed. If the thrust decreases, further changes in heading
continue until the thrust 1s at a minimum level. When incre-
ments in heading change are ten degrees, an optimum heading
results after twelve or fewer changes.

There are two specific problem areas of the present

model. One 1is the selection of galns for the control system,
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The optimum control gains are not cobvious because the model

is nonlinear. Future investigations should consider an

adaptilve control system which would self-adjust the control

gains 1n order to minimize positlon error with minimum thrust.
The other problem area involves the generation of

false position-error signals resulting from the cross product

of r and ¢« . Small changes in heading introduce large errors

in x and y position which cause needless thruster reversals

and fuel consumption. Future investigations using the present

model should consider the possibility of modifying the control

system to detect and ignore the false signals.



TABLES
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Parameter

Description

Effective component of X-thruster force
Effective component of Y-thruster force
Effective moment due to thruster force
X component of vessel velocity

Y component of vessel velocity

Vessel angular velocity

X coordinate of vessel position

Y coordinate of vessel position

Vessel heading coordinate

Effective longitudinal mass of vessel
Effective transverse mass of vessel

Effective moment of inertia in vaw

MODEL MAXIMUM VALUES

TABLE I

Maximum Value

5.0 x lOu 1lbs.
5.0 x 10u 1bs.

1.0 x 107

ft.1lbs.
20.0 ft./sec.

2.0 ft./sec.

0.1 Rad./sec.
500.0 ft.

500.0 ft.

7™ degrees

5

7.5 x 10° slugs

1.1 x 106 slugs

1.375 x lOlO slug-ft,

€9

2
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POT SECT "0" SECT "1" SECT "2" SECT "3"
VALUE VALUE VALUE VALUE
P" "01 .1000 .0100 .1000 .0230
02 .0050 . 1400 .0050 .1800
03 .0033 .0090 .0227 1910
oL ———— «1325 — . 1840
05 0400 .0100 .0040 .0200
06 .9999 .0100 <9999 .1000
07 e .0100 ——— .0230
08 —— ——— .0500 ——-
09 .1000 .3500 .0050 ——
10 0050 .2400 — ——
11 .0072 . 1640 .0050 ———
12 9999 1000 0050
13 .0318 .0240 .0100
14 .9999 0630 . 1400
15 ——— —— .0100
16 .1000 — .1000
17 .1000 ———— .9999
18 .9999 ——— .9999
19 S ———— -
20 .1000 . 0630 ———

POTENTIOMETER SETTINGS

TABLE 1T



65

HYBRID EXECUTIVE

READAD -« Analog/Digital Conversion
WRITDA == Digital/Analog Conversion
SENSE === Read Sense Lines

CONTRL =« Write to Control Lines

MODE == Analog Computer Mode Control
POTSS ==« Set Potentiometers

ANALOG == Analog Element Readout

DAMPS

FRCBSU == Build a Request Control Block, Fortran
FRTIO «~= Fortran Real Time 1/0

FCHECK == Check Status of Real Time 1I/0

SYSTEM SUBROUTINES

TABLE ITI




SEA
STATE
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SEA
STATE
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DESCRIPTION

VERY CALM
MODERATE WAVES
LARGE WAVES

DISTURBED SEA

SEA STATE CLASSIFICATION
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WIND
KNOTS

17=21
25<30
4o-47

TABLE IV
AMPLITUDE
Al A2 A3 Al T1
0 0 0 0 U

2.5 1.5 0.7
5.0 4.o 2.
19.1 12.6 9.

WAVE

5 1.25 10.1
0 1.0 12.2
8 6.8 11,4

COMPONENTS

TABLE V

WAVE WAVE
HEIGHT PERIOD
FEET SECONDS
0 = o e
46 2,5=10
8-12 432
30~50 T-14
PERIOD
T2 T3 T
b, 9 2.3 3.6
5.8 3.5 4,2
8.7 14.05 7,14
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TABLE

Vi

FOURIER COEFFICIENT FUNCTION
he,0727 =Cos (wt)
9,.5869 COS(3wt)
2.2716 =COS(Twt)
2.2570 COS(5wt)
1.8287 =COS(9wt)
100, 8445 —SIN(wt).
7.2288 =SIN(3wt)
2.8212 SIN(7wt)
2.4385 SIN(5wt)
1.7634 SIN(9wt)
50.6504 x1C =SIN(2wt)
27,2316 xIC =SIN{wt)
7.2552 x|C ~SIN(bwt)
1.2857 x |G SIN(5wt)
1.2452 x|C SIN(8wt)

AERODYNAMIC DRAG FORCE COEFFICIENTS
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FOURIER COEFFICIENT

-.1387
.6200
.1809
. 1457
L0562
.0503
L0481
0372
. 7105
.0710
L0416
.0376
0252
.5180
.2034
.0725
.0625
.0565
.0394

FUNCTION

DC
~COS(wt)
~COS(3wt)

COS (4wt)
-COS (5wt )
COS(Twt)
~C0S(2wt)
~CO0S(bwt)
~SIN(wt)
SIN(2wt)
SIN(3wt)
SIN(5wt)
SIN(T7wt)
-SIN(2ut)
SIN(wt)
SIN(3wt)
-SIN(5wt)
SIN(bwt)
SIN(Twt)

HYDRODYNAMIC DRAG FORCE COEFFICIENTS

TABLE

VIT
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APPENDIX A

SMALL AMPLITUDE WAVE THEORY

To model the ocean waves, one must understand the
basic premlse of the mathematical eguations. Small amplitude
wave theory 1s a particular case of Laplace's potential
flow theory. Figure A.1l shows the coordinate system for
this derivation.

The continuity equation for an incompressible fluid
in steady or unsteady flow 1s

AU v dur
s¢ T3 Y3 Fo (A1)

Two dimensional motion in the X, Y plane reduces equation

(A.1) to
Iu +§_g_u = 0 (A.g)
3K 33

$ (%5,t) define a scaler function. The following equations

represent a velocity potential.

3%

X

: (A.3)
>y

The combination of equations (A.2) and (A.3) yields

73




74

%

COORDINATE SYSTEM

FIGURE A.1

DIRECTION OF WAVE PROPAGAT|ON ——s=

Plx,E)
MEAN WATER LEVEL /A\ /

l

YA A AV A VAT AV AV AN A Sr A AV AV A A v i B S S v B AV A S AV BV G A B 4

PROFILE OF A SMALL AMPLITUDE WAVE

FIGURE A2



Laplacefs equation.

Z. 2
ER A S (A1)
ax‘ c)gz

The appropriate boundary conditlons of water waves are
necessary to solve this partial differential equation. Figure
A.2 presents a simple harmonic, progressive wave moving in
the +x direction. In Figure A.2, h represents the depth of
the water; A the amplitude of the wave; p(x,t) the wave
profile; and 1 the wave length. Equation (A.4) must be
satisfied in the region

-h $Z %9
Determination of the boundary conditions at the surface and
the ocean floor is a prerequisite for solving equation (A.4).
If the bottom 1s a fixed impermeable horizontal boundary,

the first boundary condition is

wr oz - 3; ENe) (22*")-)
; (A.6)
PGyt = 42 (z:0)

The acceleration of gravity, g, is the restoring force for
the vertical motion of the wave. It is necessary to solve
equation (A.4) and satisfy the boundary conditions specified
by (A.5) and (A.6) to obtaln the mathematical model of an

ocean wave,




$ = ()% a5 2y (E)

Substituting (A.7) in (A.4) yields

«(x)s (3) (1) + <D (3) y(#) =0

Dividing (A.8) by (A.7) yields

() BT(E)
& (x) o (%)

1t follows that

CONSTANT

4

If the constant is ~k2, equation (A.10) becomes
K"(x) + kP a(x) =o
87(3) K gG)=0

The solution of (A.11) yields
K (X) = ¢, cos (kx) + C, Sin(kx)

The solubtion of (A.12) yields

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)
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-4

B3 = C\SeK”a + Cy e ° (A.1L)

Cys Cos 03, and ¢y, are arbitrary constants.

Equation (A.7) becomes

P o= (cieoskm v, S/N(Kx))(cse'<$+c4€‘k$>x(f) (A.15)

It is desirable that the solution of (A.15) be simple har-
monic in time. Therefore, let (t) be either sin(wt) or
cos(wt) where w represents the angular frequency of the wave.
Evaluating (A.15) at the boundary values yields the wave
equation. Because (A.15) is a linear equation, an elementary

set of ¢ equations is

$ = ¢ (fse'q’ + Oy c""}) cos Crx) cos Cot) (A.l6)

L

i< ~ k3
?Z: <, (Cse$+ Cg € )COS(KK>SINCLOE) (A.l?)

%3 = G, <C$ QK5+ Cy eN‘%) sin (iex)cos (cot) (A.18)
i; = Co (CS)GK% + C4€_k5) sin (kx) cas(mf) (A019>

Applying (A.5) to (A.16)

g J = O =z C,COs (kx) cosCeot) [CS jce -k - C4/<5>KL\ j (AQQQ)
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(A.21)

Substituting (A.21) into (A.16) and rewriting the result
yilelds

o oKd) -k (h3)
F - 266 e Le s ]

> cos (kx) cos (wt)
(A.22)
f, = R¢ €KAC©$1[KCE*;ﬂCOSCKK)COS[wt) (A.23)
Now applying (A.6) to (A.23) vields
%{%L:O: P Ox,t) ;'f%‘cfj 6/</)C05h(ﬁh)605(!<)<)S//*/(“’t) (A.20)

The maximum value p(x,t) can have is A, the wave height.
The maximum for (A.21) occurs only when cos(kx)sin(wt)=1.

Making these substitutions yields

K~h A9
C,Cy L AL S .2
s 2 as CQSL;(KL;) (A 5)

The constants in the remaining elementary equations are

obtained in a similar manner. The results are summarized

helow.

F oo - A cosh Lr (b g,)}

5] Cosl}m[,};qu) (ka . 2 & )



~ /L\Uj C/OSL\L;\<£/M‘A \\]
%1: - Stn (kx) st Ceot) (A.27)
w cosh (kh) ’

Ag cesh) k()
§3 == ° Lk (hea)) s (ex) cos (cot) (A.28)
«r cosh(kh)

(lt3)]

5 - Aq cosh [k - "

4 wcoeh oy SO0 smceot) (A.29)
Since Laplace's equation 1s linear, we can linearly combine
its solutions to form other solutions. By adding (A.28) and

(A.29) and substituting the tripgonometric identity, sin(wt-kx)=

sin(wt)cos (kx)-cos(wt)sin(kx), the result is

- T cosh L klht3
£ g, 43, = Aacosh Lelis)]

w cosh (kh) S/N(a)f-kx) (A‘BO)

From (A.6) we obtain the equation for the surface of a wave
| re _
o0 = g[Sl = Aeestot 0 (A.31)

To solve for k, we make use of the fact that p is periodic
in x and t. TIf we choose some constant position on the wave
profile and travel with the wave keeping this same position,

then equation (A.31) reduces to

PCx, )= cowsTANT & A cos (cot - kx)

wt -~ Kx = consSTANT

and the wave's propagational velocity 1s
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e (h.32)
Solving for k yvields
wl =7
kK=" == (A.33)

Substituting (A.33) into (A.31) and (A.30) yields the wave

profile equation
Pixt) = A cos (eot - grfl:)f ) (A.Bli)

and the velocity potential equation

Aa caﬂxlﬁg—(h+5)]
@ coal\[&qi\]

P (x5 1) = sin (ot - 27Xy (A.35)
From the velocity potential equation, the component partilcle
velocities of the wave are found. First, the relationship
between period, wave length, and propagational velocity must
be determined. Equation (A.32) describes the propagational

velocity. The vertical velocity component, w, is

DP :
P e SEen
Tl (A.36)

Because the wave amplitude is very small, equation (A.36)

is approximated by
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(A.37)

Because of the properties of the velocity potential equation,

w also takes the form

(27 -1 ‘“_9___ (A.38)
5%
Equating (A.27) and (A.38) yields
>% dp \
Substituting (A.6) yields
o% 2% _
- (z=0) (A.40)
Applying (A.35) yields
_ 0% AsRr, . arh f RHX
35 = L /an/? __.A 5//\/(6\)'& — ) (A.Lll)
2
2 [ZE] = chwsw(wt - 22X (A.b2)
20
Substituting (A.41) and (A.12) into (A.40) yields
» 2. o oawh
I79] = o b} ~;Lsm/> T
(A.H3)
277k

[ = 2&:)*‘71; g%énl\ i
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L= 510 g4 274 (A.43)
zm L
The horizontal velocity, u, is
s
“=-35%
o= owAq cosh [ % (h+3) ] COSCW{;*ZWX)
whoeesh [ 2] "
Substituting (A.43) into (A.44) ylelds
27
sy 0% L Cht ) ] (A.45)

Yy = Awwa(u)‘é” s
L 27 4 \
SII’)L\! el

Evaluating u at the surface, (z=0); in deep water with small

amplitude waves oo L
T TR

x|

Equation (A.45) becomes

rh
(L = A co cos (w{:.."g.,ﬁ:i( é—,g//?'
o - (A.46)

M:ﬂwwSCM%';é-g—()
Using (x=0) as the reference point, equation (A.46) becomes

Uz A cos (WE) (A UT7)

Differentiating equation (A.47) yields the horizontal particle
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acceleration,

DU

St — A «? sin (eot) (A, 48)

Equations (A.47) and (A.48) represent a simple one component
wave. Because Laplace's equation is linear, a linear super-
position of simple one component waves produces a multicom-

ponent complex wave. The complex wave equations are

Ch+3)
cosh [Z% J
sinh Lz'/rh : (A.u9)

Ly

ZWX(
Ul &) = Z Ao cos (et - = )

£=t

> W(hfs)
é’%‘:Z"A{:wiZS//V(W(:f;—’Z’WX") osl«,[’z ]
ot P L, <o [ &Zf/
Ly

(A.50)

Applying the same small amplitude, deep water relationships
used to reduce equations (A.45) to (A.47), the reduced complex

wave eqguations are

vl .
UG = ZA‘L“)L COS(ﬁﬁmE) (A.Bl)

(2]
U L S p W -
ST ;/ P e s (caéﬁ) (A,SE)
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 kkR

£ &%¥

(A

DIMENSION XLOCA(250,10),ID(250),TEST(250,5}
REAL*8 RCBAD(4),CCHAD(2) ,RCBDALA) , CCHDALZ) sRCBSN(4 ), CCnSY
REAL®8 RCBMD(4),CCWMD  oRCBCN{4);COHCN :

INTEGER%2 LOCR(12),LOCW(15)

INTEGER*2 LOCS, ICONO, ICONL

INTEGER®2 MIC,MOP,MHLD

DATA ICONO, ICONL/O,1/,NB/2/

DATA MIC,MOP,MHLD/ 16,844/

DATA LOCR{1),NRD/09y10/,LOCW(L),NWR/ 11,12/

DATA ToXAyXB/2¢9e07¢o07147 4 YAYB/200,.12207/3SA4SB/ 1754179973/
DATA AMAX;AMIN/B8191.,~8191./4KSEC/38400/

DATA TWOPI/6.28318/,RA0/57.296/

DATA H&LoH42,H43 3 HE4/2.591 05407551025/

DATA P41,P42,P43,P44/10e1y4295203,3.6/

DATA H61,H62,HE3,H64/5esbeg2aglel

DATA P61,P62,P63,P64/ 12.235.8530594.2/

DATA HBLyHB2,HB83,HB4/19.1412:6y9e8+648/

DATA P8LyP82,P83,P84/11e4s8.7914005,7014/

DATA FYAL,FYA2,FYA3,FYA4,FYAS/=100e8,=7022942.821,2.438,1.763/
DATA FXALsFXA2¢FXA3,EXAL  FXAS/~46.0779.587y=2.27242.25T9—1829/
DATA FMAL,FMA2,FMA3, FMAL, FMAS/~506.5,=272e3y-T2055,12.86,12.45/
DATA FYHL,FYH2,FYH3,FYH4, EYH5/~o7105,.0710,.0416.0376,.0252/
DATA FXHO,FXHLyFXH2 g FXH3 3 FXH4/=o13873=062005-.1809,.1457y=20562/
DATA EXH53FXH64FXHT/.0503,=.0481,~00372/

DATA FMHL ¢ FMH2 , FMH3, FMH4 , FMH5/=05180, 22034, 0725, -, 0654, . 0565/
DATA FMH6/.0394/

SET UP VARIQUS REMOTE CONTROL BLUCKS AND CHANNEL COUNTRGL wORLS #%x
CALL FRCBSU (RCBAD,29,CCWAD)

CALL READAD (CCWAD,NRD,0,LOCR)

CALL FRCBSU (RCBDA,30;CCWDA)

CALL WRITDA (CCWDA,0,NWR,LOCK)

CALL FRCBSU (RCBSN285CCHSNJ

CALL SENSE (CCWSN,LOCS,NB)

CALL FRCBSU (RCBCN;28,CCWCN)

CALL CONTRL (CCWCN,LOCS,NB)

CALL FRCBSU (RCBMD,28,CCWMD)

PLACE ANALOG COMPUTER IN INITIAL CONDITION MGDE #dokskokdks ks tkobds sk bk
CALL MODE  (CCWMD,MIC)

CALL FRTIO (RCBMD)

CALL FCHECK (RCBMD,IRET,1)

INITIALIZE VARIOUS CONTROL SYSTEM CONSTANTS sokskcofdor s ok ok ook ok
XW=XB%T

XKTAU=—XA*T

XK1=2 . % EXP{XTAU)*COS (Xu)

XK2==EXP{2.%XTAU)

XK3=EXP{XTAUY®SIN{XW) /XB
KIKE=(1o=XK1/2.-2.%XA%XK 3}/ { XARXA+XBRXE )
XEK2=(=XK2=XK1/2 .42 kXAKXK3 )/ (XAXKA+XBHXE )

XIK3=1.4+XK1




C g%

C ok

301
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KIKG=XKZ2=-XK1

XGAIN=XK3Z{ .- XK1I—-XK2)

YW=YB*T

YTAU=-YA%TY

YK1=2.%EXPL{YTAU)*COS(YW)

YK2=—EXP(2.%YTAU]

YRI=EXPIYTAU)ISSIN(YW)/YB
YIKI=(1e=YKL1/2:=2.%YA%YKA)/(YARYA+YBXRYB)
YIKZ2={-YK2-YK1/2.4+2.%YARYK3 )/ {YARYARYBXYH)
YIK3=1.+YK1

YIK4=YK2-YK1

YGAIN=YK3/{1l.~YKLI-YKZ)

SW=SB*T

STAU=-SA*T

SKI=2.%EXP{STAUI*COSISK)

SK2=—EXP{2.%STAU}

SK3=EXPISTAU)*SIN(SW)/SB
SIKLI=(1e-SK1/2-2.%SA%RSK3)/{SA%SA+SB%SRB)
SIKZ2={—-SK2-SK1/2:.+2.%SARSK3)/(SA*SA+5B%SH)
SIK3=1.+5K1

SIK&=5K2-SK1

SGAIN=SK3/(1.-SK1-5K2)

XDGAIN=140.

XIGAIN=,0008

YPGAIN=108.

YOGAIN=T7000.

YIGAIN=.0108

SPGAIN=3.5

SOGAIN=]132,

SIGAIN=.0005

INITIALIZE ENVIRONMENTAL PARAMETERS #doksgsokd ook fokskon b ik dob dok fofodokok
WINDV=0.

GUSTV=0.

ALPHA=0.

VELMAG=0.

THETA=0.

WH1=0.

WHZ2=0.

WH3=0.

WH4=0,

WP1=0.

WP2=0.

WP3=0.

WP4=0,

LEST OPERATING INSTRUCTIUNS FUR PRUOGRAM didoldd ok ok i dok dok ok 5okokok 8%
WRITE(6,301)

FORMAT(IHL// 10X #s%zs [NFORMATION CONCERNING REAL TIME GPERATION O
LEF FAIN PRUGHAM =256k /// 10X THE FOLLOWING INFORMATION IS RLQUESTED



2 BY THE TYPEWRITER TERMINAL®//
3L5XYN IS THE NUMBER OF PRINTED QUTPUT SAMPLES®//
420%X*A SAMPLE 1S TAKEN EVERY FIFTH TIME THROUGH THE TIMFD CONTRUL L
SUOP®//20XSTF N = 0 EXIT IS CALLED AND THE PRCGRAM CONCLULED®//
615X* ISCALE IS THE TIME SCALE FACTOR®//
TLIS5XTLOGIC IS AN INPUT THAT ENABLES PROGRAM OPTIONS'//
820X*LOGIC - EXISTING GAINS ARE USED AND CPERATION BEGINS'//
920X*LOGIC - NEW GAINS MAY BE INPUT FOR X-CHANNEL'®//
A20X*LOGIC - NEW GAINS MAY BE INPUT FOR Y-CHANNEL®//
B20X'LOGIC ~ NEW GAINS MAY BE INPUT FOR PSI-CHANNEL'//
C20X*LOGIC — NEW GAINS INPUT FOR X,Y & PSI-CHANNELS'//
D20X*LOGIC INPUT CURRENT - POLAR CCORDINATES®'//
E20X*LOGIC — INPUT SEA STATE (0,4,6,0R 8) AND DIRECTICN'//
F20X*LOGIC ~ INPUT WIND - POLAR COORDINATES®//
G20X9LOGIC - INPUT GUST MAGNITUDE, PERIOD & VARIATION ANGLE'//
H20X*LOGIC — ANALOG CONTRCGL SYSTEM IS USEC — NO GAINS INPUT?//
I15X*THE FOLLUWING RUN OPTIONS ARE AVAILABLE'//
J20X*USE SENSE LINE "1" TO MAKE A PARAMETER CHANGE DURING A RUNY//
K20X1USE SENSE LINE™O" TO MAKE A CONTINUGUS RUN'//)
C %%% START OF MAIN PROGRAM LOOP sk uok o ook iomok gl ok dofok o ok ok ok kool 4 ook ook &
$98  CONTINUE
C #k% |/0 FOR PROGRAM OPTIONS AND ENVIRONMENTAL DATA okt diohdookdohkdobok s ko
WRITE(15,304)
304 FORMATUIX"INPUT N & ISCALE - 215%)
READ{155305) N, [SCALE
305 FORMAT(2I5)
IFIN.EQ.0) GO TO 999
WRITE(6+306) N,ISCALE
306  FORMAT(LHI9X'NC. OF ITERATIONS<oo®1545X'TIME SCALEU BYeoo'I5/)
99/ WRITE(15,302)
302 FORMAT(LX'INPUT LOGIC - I1Y)
READ(15,303) LOGIC
303 FORMAT(I1)
LOGIC=LOGIC+]
GO TC (30,31,32,33,34,35,36,37,38,39),L0GIC
31 WRITE(15,331) |
331 FORMAT(LIX*XP,XD & XI GAINS = 3F5,2°¢)
READ(154330) XPGAIN,XDGAIN,XIGAIN
330  FORMATI3F5.2)
G0 TO 997
32 WRITE(15,332)
332 FORMATULX'YP,YDU & YI GAINS = 3F5.27)
READ(155330) YPGAINsYDGAIN,YIGAIN
60 TO 997
33 WRITE(15,333)
333 FORMAT(IX®SP,SD & SI GAINS - 3F5.2°¢)
READ{155330) SPGAIN,SDGAIN,SIGAIN
GO TO 997
34 WRITE(15,334)

Calie<BE N3N SRS N B Y
{

[L{ R SO 1O Y S { O [ B T A { I 1




334

35
335

36
336

326

C &%k

327

C %%

328

ETs

L

329

Bk

e

&
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FORMATIUIX XPHDy XIs¥P YD, Y1 SP,SD & ST GAINS = 3(3F5.201%)
READ(1IS,330) XPGAIN,XDGAINXIGAIN

READ(15,330) YPGAINSYDGAIN,YIGAIN

READ(155330) SPGAIN,SUDGAINGSIGAIN

GO0 TO Q97

WRITE(15,335)

FORMAT(IX*CURRENT = POLAR COORDINATES - 2F5.2°%)
READ(15,:330) VELMAG, ATHET

THETA=ATHET/RAD

GO TO 997

WRITE{15:336)

FORMAT{1XYSEA STATE & DIRECTION = [le¢F5.2%)
READ(15,326) ISEALABET

FORMAT(ILFS5.2)

BETA=ABET/RAD

IF{ISEA.EQ.0) GO TO 324

[FLISEA-6) 327:328,329

INITIALIZE A®S & W'S FOR SEA STATE 4 skdokokdoksdokok ok dodok dodok g0k ok ook ok do0k
WHi=H&1 :

WHZ2=H&2

WH3=H43

WHE4=H44

WP 1=P4]

WP2=P42

WP3=P43

WP4=pP44

GO TO 325

INITIALIZE A®S & W'S FOR SEA STATE 6 essoksdfokdokdokidokdokdoddsokdkg sk ¥
WHl=H61

WH2=H62

WH3=H63

WH4=H64

WP1l=P6&1

WP2=P62

WP3=P63

WP4=P64L

GO TO 325

INITIALIZE ATS & W'S FOR SEA STATE 8 sesdokodoskdondodk ook ook d b ok 30k 0ok 4k
WH1=H81

WH2=HR2?

WH3=HB83

WH4=HB%

WP1=P81

WP2=Pg2

WP 3=0P83

WP4=pa4

£,

F
SEY ARG & WS TO FERD sk s dokao ook bk fokodok sk f gk dok ok R Rk B ok % R K R %
WHI=0.
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WH2=0.
WHG4=0 .
WP1=0.
WP2=0.
WP3=0.
WP4=0,
325 Wi=TWOPI/(WP1+1.E-10)
w2=TWOPI/{WP2+L.E-10)
W3=TWOPI/{WP3+1.E-10}
We=TWOPL/{WP&+ ] . E~10)
WAL=WH]l %Wl
WAZ=WHZ%W?2
WA3=WH3I%K3
WAL=WH4EWS
50 TO 997
37 WRITE(154337)
337 FORMATUIXTINPUT WIND DATA — 2F5.2°%)
READI15,330) WINsAALPH
ALP=AALPH/RAD
GO TO 997
34 WRITE(15,338)
338 FORMAT{IX*INPUT WIND GUST DATA - 3F5.,2%)
READ{15:330) GUSTV,GUSTP,ADALPH
DALPHA=ADALPH/RAD
WGP=TWOPI/GUSTP
GO TO 997
39 CALL CONTRL {CCWCN,ICONO,NB)
CALL FRTIO ({RCBCN)
CALL FCHECK (RCBCNGIRET, 1)
WRITE(6:339]
339 FORMATILOX®THIS RUN USES THE ANALOG CONTRUL SYSTEM WITH LIGITAL US
LED FOR SAMPLING PURPUOSES ORLY®/)
G0 TO 40
34 CALL CONTRL {CCWCON,ICONL,NB)
CALL FRTIO (RCHBCNY
CALL FCHECK (RUBCN,IRET, 1)
WRITE{6¢340) XPGAINsXDGAIN,XIGAIN,YPGAIN,YDGAINSYIGAIN,SPGAIN,
1SDGAIN,SIGAIN
340 FORMAT{LOX*XPGAIN'SXEXDGAIN'OX XIGAIN'SX S YPGAIN'SXPYDGAIN'SXYYIGAIL
IN'SXISPGAINTSX SDGAINISX SIGAINY/6XF(1XFL10.41))
WRITE(6:361) VELMAG, ATHET
341 FORMAT(/10XCURRENT DATA -~ VELOCITY MAGNITUDE = YFl0.4,5X%DI=eCTIO
I = FF10.4)
WRITEIG:342) WHL WPl WHZ:WRBZ2,WH3 WP, WHA  WPEL ABET
FORMATI /10X ®*THE wAVE COMPONENTS ARE AS FOLLOWS'/10X®1 - AMPLITUDE
16 PERIODD'SX Y2 - AMPLITUDE & PERIOD'SX'2 — AMPLITUDE & PERIODESXY4
2= AMPLITUDE & PERIOD*SXYDIRECTION® /16XFS.2:06%XF5.2, LIXFS.2,6XF5.2,1
BIAFS a2 6XF5.23 LIXFSL2,6KFB.2,TXF6.27)

")
&
™~
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40

CHuMn
9

Cadat
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WRITEIG6,343) WIN;AALPH,GUSTV.GUSTP,ADALPH
FORMAT(IOX*WIND DATA IS AS FULLUWS'/LOX®WIND MAGNITUULE®SX'CIRECTIOC
IN'SXeGUST MAGNITUDE®SXPGUST PERIODISBXYGUST ANGLE®/12XF10.4,6XF10.4
Ly THF10. 49 BAF10:.4+5XF10.47)
CUNT INUE

X1=0.

XC=0.

X1P=0.

XCP=0,

X1D0=0.

XCD=0.

X21=0.

X1I=0.

XCI=0.

YiF=0.

YCF=0.

¥Y1=0.

¥C=0.

YiP=0.

YOP=0,

YiD=0.

¥CD=0.

¥Y2I=0,

YiT=0.

YCI=0.

S1=0.

S1P=0.

SCP=0.

S51D=0.

SCO=0.

521=0.

511=0.

SCI=0.

TW=0.

[DEL T=KSEC/ISCALE-D

KK=1

K=1

CALL MODE(CCWMD,MOP)

CALL FRTIO(RCBMD}

CALL FCHECKIRCBMD,IRET,1)

ENTER TIMED CONTROL LOUQOP HAHUHURANABRABBUARNERNBRERBHRARAAUBAHBHA G
KSTORF=ITIME{3)+1DELT #
IF(KK.EQa1.AND.K.EW.1) KDIF=ITIME(3) #
IF({K.GTo1) ID{KI=KSTURE-KTIME #
KTIME=KSTURE #
READ VELOCITY, POSITION, & POSITION ERROR FROM ANALGG Hanbduiddidndsid
CALL FRTIO (RCBADG #

CALL FCHFCK (RCBADLZIRET, 1) #
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DO 12 1=14NRD #
ALOCAIK P i=LOCRELI+1L/BL.92 #
¥ CONTROL LOOP HHHUUBSGUUAGEHBHREHRBRBUBRHEHRRYBERUABHIUGRURRRIHERR S
XZ2=X1 #
X1=XC #
XC=LOCR{2)/XGAIN #
K2P=X1P #
XiP=XCP #
XCP=XKIEN L+ XK IR LIP+XK2Z2EX P #
X2D=X1D #
X10=XCD #
XKCD=X1-X2¥+XK1%X1D+XK2%*X2D #
X3i=X21] #
K2i=X11 #
X1I=XCI #
XCi= XEK!*X1+X1K2*X2+XIK3*X1E*XIK4*XZI XK2%X31 #
X=THRUSTER FORCE #HHU#UHHHERANUAHBERIBRBAEHARYRUBUBHBYRHBHE R s R aiY
XCONF=XPGAINZXCP+XDGAINRXCD+XIGAIN®XCT it
[F{XCONF-GT-AMAX) XCONF=AMAX fi
IF{XCONF.LT.AMINY XCONF=AMIN i
LOCKI2)=XCONF it

TESTIK,1)=XCONF

PST CONTROL LOUP #HGHRGHALRHHHHUBRBBUABNERBRAHHGHERGRREG N vl EE
S2=51 : [
S51=5C #
SC=LOCRIB}/SGAIN #
$2P=S1P i
$1pP=SCP #
SCP=SKIRkS1+SKI*S1IP+SK2%52P #
$2D=S1D #
S1D=SCD #
SCO=51-S2+SK1*S1D+SK2%52D #
S3i=521 #
S21=S811 H
SHi=SCI #
SCU=STKLI®SL+SIK2%52#S5TKI*SLI+SIKARS21-5K2%531 #
PST MOMENT FORCE HudtusdRBuftbidehaniautat iAo URBHRUNHRERAR BB R A0 H
SCONF=SPGAINXSCP+SDGAINRSCD+SIGAIN®SCH
IF{SCONF.GT-AMAX Y SCONF=AMAX
IF{SCONFLT.AMINY SCONF=AMIN
LOCW{6)=SCONF

TESTIK:3)=SCONF

Y CONTROL LOOP HESRUHHUBHHEHUBHRURBHEEHARRBHBRABBHERBBHHBNB RN EHENE

P

¢

R o

Y2ZF=YI1F #
YIF=Y(F i
YOF=LOCRIBY /XGAIN #
Ye=Y1 #
¥Y1l=vYC it

VO=HKARY P+ AK LAY L+ KK Z2%Y 2 #




CHnis

C#éngy

CHhku

Cuiip

CHans

CHuakl

CHHEHH

Chudn
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=YL /YGAIN #
vze Yip #
YiP=y_lp H#
YOP=YK3RYL+YKLIEYIPEYRZRY2ZP H
Y2D=Y1D #
YiD=YCD #
YOD=Y1-Y2+YKI®YLD+YK2Z*Y20 #
Yil=vY2l i
vY2i=Y1il #
Yii=YCI #
YOI=YIKL#YI+YIK2EY2+YIKIEYLII+VIKARY2]-YK2%Y3] #
Y=THRUSTER FORCE #HUHAKGHBAANTUHGRAHEBRUGRBRRREBNBHUBHBEN ANtk
YCONF=YPGAIN®YCP+YDGAIN®YCO+YIGAIN%XYCI i
YMAX=AMAX-ABS{SCONF] ¥
YMIN=—YHMAX : H
IFIYCONF.GT-YMAX ) YCONF=YMAX
IFIYCONFoLTYMIN] YCONF=YMIN i
LOCW {4 )=YCONF ' #

TEST (K, 2)=YCONF
CALCULATE WAVE AND WIND VELQCITY HAHRHUHHBHSUHBHBRUHEHANH U uBEB B HnH
WAVEL=WAL®COS{WI*TW) +WAZXCOS(W2ETWI+WASRCOS(W3RTW ) +WALRCOS{WERTW) #
LOCWIBI=WAVEL%81.,92%5,
DELTA=SINIWGP®TW]

ALPHA=ALP+DALPHA®DELTA
WINDV=WIN#GUSTVYV*DELTA

ROl o

INCREMENT REAL TIME BY 2 SECONDS #AUHBBRUHRHHEHHBHRURAHBBRUBREH IR
TH=TW+2. #
UNSCALE VESSEL VELOCITIES AND CORRECT SIGN HUHGRUUBERUBEREUN BB B
XVEL==LOCRI4)}/{B8L.92%5.) #
YVEL==LOCR{T7}/(BL.92%50.} i
SVEL==LOCR{10)/(81.92%1000.) #
SI=L0CR{9)}*.,031428/81.92 #
CHANGE ANGLE OF WAVES,; CURRENTY & WIND TO VESSEL CUOURDINATES nup#isi
BET=BETA-SI . : #
THET=THETA-SI ) it
AL PH=ALPHA~SI #
CURRENT AND WAVE COMPONENT VELBC[T[ES HEHBHBEURBAH s RU BRI BEAR G
ACURY==VELMAG*COS{THET) ‘ i
YOURV=-VELMAGESINITHET) #
XUAVE=-WAVEL®CCSI{BET) #
YWAVE=-~WAVEL*SINIBET) i
VESSEL RELATIVE VELOQUITIES #UAGHEABUUBBRBHUBBUETUBEHREHBUBREHBGNEHE b
ARELV=XVEL=-XCURVY-XWAVE 4
YRELY=YVEL—YCURV~YWAVE i
MK gﬂﬁg%a A%Uﬁ‘ #
MYRY=YVEL~-YCURY #
VESSEL Qi_iiii TANTY VELOCIEY GHRGREBGERHGBUVABHTRHHEBHVHE VB HbH R biREB
RYNET=YRELYVH22¢ {RELVE%R? i

CAM=ATANZ {IVRELY, XRELV} #



Cwbna

Cuhhd

CHERK

CHHunA

CHunb

CHERE

LHpuw
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MNETV=MXRVEE2 MY RV E%RD #
TESTIK 4 =RYNET , 4
TESTIK,51=GAM®RAD i

HYDRODYNAMIC AND AERUGOYMAMIC DRAG COEFFICIENTS Buuudbblifustnlindsluny
SINL=SIN{GAM]) H#
SIN2=SIN{2.%(AM} #
SIN3=SIN(3.%GAM} [
SINS=SIN(5.%GAM) #
FYHYD=FYHLI*SINL+FYHZ2ZASINZ+FYHIESINI+FYHEASINDSFYHS®SINIT e %GAM) f
FAXHYD=FXHO+FAXHL®COS{GAM) +FXH2*COS {3 ¥GAMI +FXH3%C(US (4. *GAM) + #

FXH&*COS{5« ¥GAM I +FXHS%COS (T 2GAM) #
FMHYD=FMH1%SINZ¢+FMH2%SINL+FMH3%SIN3 ¢FMHARSINS+FMHS%SIN(6 « ¥GAM) #
FXAER=FXAL®COS{ALPH)+FXA2*COS(3¥ALPHI+FXA3RCOS(T*ALPH) + #

FUA4GRCOS{SRALPHI+FXAS¥COS{ T %ALPH) K
FYAER=FYALXSIN(ALPH)Y+FYAZRSIN( 3. %ALPHI+FYAIRSIN(T®ALPIH) #
FMAER=FMAL*SIN{2¥ALPHI+FMA2XSIN(ALPHI+FMA3XSIN(4%ALPH) #
WIND AND WATER DRAG FORCE CALCULATIONS HABHSKUHNHEBuBERUBURERAHER IS
FADX=WINDV*%2¥FXAERY* . 4 #
FADY=WINDV®%2%FYALER%, 4 #

FADM=WINDV®%2%FMAER®4 . i
FHDX= RVYNET*FXHYD%1493. #
FHOY= RVNET*FYHYD*1.7E4 : #
FHWM=-SVEL*ABS(SVEL)} %1 .EY #
FHOM=MNETV*FMHYD*2.65E6 i#
SUM ENVIRONMENTAL FORCES RURAUHHGHEAGHORBUEHENNERENBBUBERBRGHH N BERIHH
FTDX=FHDX+FADX #
FTIDY=FHDY+FADY b
FTDM=FADM+FHWM+FHDM #

SCALE ENVIRONMENTAL FORCES FOR ANALOG HEHAUHEHBHARUBHBUHAUARI SoRbEw
FTDY=FTDY%*81.92%.002 i
FTDX=FTDX%81.92%,002 4
FTOM=FTDM%81.92%1.E~5 i
[FIFTDXoLToAMIN} FTDX=AMIN #
IF(FTDY.LT.AMIN) FTDY=AMIN ¥
IF(FTOM.LT.AMIN) FTDM=AMIN i

IFIFTDXeGTAMAX) FTDX=AMAX , ' i
[F(FTDY.GT-AMAX) FTDY=AMAX #
IF{FTDMGTAMAX) FTDM=AMAX #
RESULTANT THRUSTER FORCE MAGNITUDE WUHGHHBHHGREARBREBRER B bR BN U
RTHF=—(ABSI{XCONFI+ABS{YCONF)+ABS{SCONF/200.)})/2. s
LOCH(3)==FTDX S #
LOCWI(B)==FTDY I
LOCW(T)=—FTDM .
LOCW(LO)=RTHF i
SEND CONTOL & CNVIRONMENTAL FORCES TO ANALOG #u#ABabddgutbindanstitng
CALL FRTID{RUBDA) i

CALL FCOCHECKIRCBDA,IRET. 1) #
INTERROGATE SENSE LINES U#H44VURGHBUNRANUERB sl hd st sidnnndigiyens
CaLL FRTIO [ROBSHNI H




et
[
B

CALL FOHECKIROBON,IRET 1) #
IFILOCS.EQal)l K=i #
IF(LOCS«EQ.3) GO YO 13 #
Cé#dnld UPDATE VARIUUS COUNTERS HEABHAUHRUAUGHNVBUBBNUHAUBEHG UG RHERRERNH
[IFIK.EQa.N} GO TO 11 #
IFIKK.EQ.1) K=K+1i #

IFIKK.EQ.05) KK=0 jt
KK=KK+] #
IFIKK.EQo2. ANDoKoEGWe2) KDIF=ITIME(3)-KDIF #
10 IF{ITIME(3)-KTIME} 10+9+9 #

CHEHE END OF TIMED CONTROL LOOP HAHHUHHEBHHBGNBURAUAURBERBBUNEUEHRH BB HY
13 CALL MODE (CCWMD,MHLD)
CALL FRTIO (RCBMD)
CALL FCHECK (RCBMD,IRET,1)
GO TO 997

1L CONT INUE
CALL MODE{CCWMDyMIC)
CALL FRTIO(RCBMD)
CALL FCHECKI{RCBMD, IRET,1)

C #%%x WRITE VALUES OF PARAMETERS FROM REAL TIME RUN #okkfokdokoddkok okl kokdok gk

WRITE(6,382) KDIF

387 FORMAT(1OX®*KDIFeoos®'110/)
WRITE(6,381)

381 FORMAT{3XOTIMUN®2ZX K'&4XTMXOP3XIMXLI3XIMN2TIIXIMXIIIXOIMNSG * 3XOIMXS53X
LOMXB3X " MXT 3N IMAB I3 O MXO S TESTL P O6X TEST2Y6XITEST3 X TEST4'HX
2'TESTS /)

DO 16 K=leN
16 WRITE(65380) ID(K) Ko (XLOCA(KI)gI=1,NRD)4(TESTI{K,I)yI=145)
380 FORMAT(3XIS,1XI3,1X10F6.1s5(1XsELD.%))

GO TO 998
999 CALL EXIT

END
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